INTRODUCTION
Retaining sufficient amounts of high-quality genomic DNA is often a challenge for researchers performing genetic-based studies. For each recruited patient cohort, larger quantities of genomic DNA are increasingly required for testing due to the rapidly expanding array of high-throughput analyses at the disposal of the modern day genomics researcher. Additionally, genomic DNA samples are often isolated from archived tissue or blood/buccal cell spot collection cards, two sources that primarily yield relatively low amounts of high-quality genomic DNA for further analysis (1, 2) . Traditional isolation of DNA from freshly purified lymphocytes yields greater amounts of DNA, yet this relatively invasive procedure is not foolproof, sometimes leading to the isolation of lowered amounts of useable DNA, and in most studies is only able to be performed once without the painstaking re-recruitment of the original patient cohort for an additional blood draw that can lead to further experimental design issues (i.e., not all patients are able to be present for a second blood draw). These issues of DNA quality and quantity also confront researchers involved in prenatal, forensic, and anthropology genetic study.
To overcome these issues, several methods for the nonspecific amplification of the entire genome, termed whole genome amplification (WGA), from nanogram quantities of genomic DNA have been developed. PCRbased amplification techniques include degenerate oligonucleotide primed PCR (DOP-PCR) or variations thereof [long DOP-PCR and long, low (LL)-DOP-PCR], primer extension preamplification (PEP), tagged PCR, and balanced PCR amplification. These methodologies all suffer from some sort of limitation, including generation of relatively short fragments (DOP-PCR and PEP), low yield (PEP and tagged PCR), increased technical complexity (tagged PCR), and high levels of input DNA (long DOP-PCR), and there are several publications in the literature detailing modification of these protocols to avoid such limitations (3-7). However, a non-PCR-based method termed multiple displacement amplification (MDA) that uses a ϕ29 polymerase-mediated reaction carried out in an overnight isothermal reaction, was recently developed (8) (9) (10) . The ϕ29 polymerase, isolated from bacteriophage ϕ29, is a desirable enzyme for WGA due to its high processivity at 30°C, strand displacement capacity, 3′→5′ exonuclease activity, and perhaps most importantly, its protein-primed method of replication, which results in the synthesis of DNA fragments >70 kb and error rates as low as 1 mistake in a million (11, 12) . Studies have shown that MDA produces excellent genotype call concordance between amplified and nonamplified templates (reported error rates of 1 mistake per 9.5 × 10 -6 bp and a 99.95% concordance between MD-WGA and non-MD-WGA genotypes on the Affymetrix 10K GeneChip ® ), and it has quickly become the preferential WGA technique (8, (13) (14) (15) (16) (17) .
As the complexity of the human genome and the variations within are further elucidated, it is becoming increasingly evident that small chromosomal copy number alterations or polymorphisms (CNPs) are present across the genome in healthy individuals, however they have been proposed to play a role in disease (18) (19) (20) (21) (22) . CNPs of various sizes have been identified, however they are commonly <10 kb in size and generally >200 bp (18, 19, 23) . Some investigators have shown that CNPs appear to be in linkage disequilibrium with neighboring single nucleotide polymorphisms (SNPs) in the genome, thereby suggesting that they both share a similar evolutionary history and could also be assayed by proxy through the genotyping of the linked SNP(s) (19) . The mechanism of CNP creation includes retrotransposition among other theories that are currently under investigation (20 (24, 25) . For the analysis of CNPs and disease, it is absolutely critical that if the WGA template is used, there are no artifactual changes in copy number introduced, as such changes would be indistinguishable from any true diseaseassociated CNPs.
In this study, we performed chromosomal copy number analysis of whole genome-amplified DNA using data derived from the 10K GeneChip Human Mapping Array, a panel of 10, 204 SNPs spaced throughout the genome at a median distance of 113 kb that has been successfully used to infer copy number in several studies (17, (26) (27) (28) . The examination of CNPs in the genome of 532 individually genotyped samples following MDA revealed the presence of multiple CNPs (both amplifications and deletions) in every sample examined. In these 532 samples, there was an average of 1278 amplifications and 80 deletions per sample as detected by dChipSNP. One in every approximately 7 SNPs had a copy number change, with duplications occurring nearly 16 times more frequently than deletions. This was not a function of the GeneChip assay performance, as the top eight performing samples, based on SNP call rate, exhibited similar multiple copy number alterations. A commonly amplified region on chromosome 9 (bp 23,651,850-25,716,736) was validated using real-time PCR.
Our findings demonstrate genomewide copy number changes resulting from MDA and suggest MDA introduces these changes consistently across certain hot spot regions of the genome. The current role of CNPs in health and disease are poorly understood (18, 22, 29) , and our results here stress the need for caution when drawing conclusions regarding chromosomal copy number from MDA-treated genomic DNA on microarrays.
MATERIALS AND METHODS

Patient Cohort
The cohort examined in the CNP screen included 532 individuals. These individuals were under study because they belonged to an immediate family unit containing at least one autistic sibling or child, therefore, our initial MDA-amplified cohort included a mixture of both autistic children and their healthy siblings and parents.
REPLI-g ® WGA of Purified Genomic DNA
WGA by MDA was performed using the REPLI-g kit (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. In short, 10 ng template DNA were denatured with KOH-EDTA buffer (0.4 M KOH, 0.01 M EDTA, pH 8.0, in nuclease-free water) at room temperature for 3 min, neutralized with the addition of a 10-fold dilution of Solution B (Qiagen) in nuclease-free water, and amplified [1× REPLIg buffer, 0.5 μL REPLI-g (ϕ29) polymerase, in nuclease-free water for a total volume of 50 μL] at 30°C for 8-10 h. After amplification, the ϕ29 polymerase was inactivated by heating to 65°C for 3 min. One should note that this amount of input DNA was recently reported by Bergen and colleagues to be the minimum needed to achieve satisfactory call rates in an individual TaqMan ® SNP genotyping assay (15) . Based on the high average SNP call rate for the samples in our cohort, it is unlikely that the use of the lowered amount of input DNA had any major effect on the copy number analysis reported here.
Genome-Wide SNP Genotyping on the 10K GeneChip
SNP genotyping was performed using the GeneChip Mapping 10K assay kit (Affymetrix, Santa Clara, CA, USA) as previously described (30) . According to the manufacturer's protocol, genomic DNA was digested with XbaI, ligated to adaptor molecules, and amplified using PCR primers directed against the adaptor sequence. The PCR was performed at the following amplification parameters (35 cycles at 95°C for 20 s, 59°C for 15 s, and 72°C for 15 s) in order to generate products between 250 and 1000 bp in size. Twenty micrograms PCR product was purified, digested with 0.24 U DNase I, and end-labeled with biotin. Biotinylated DNA fragments were hybridized to the surface of the GeneChip for 18 h at 48°C. Microarrays were washed and stained on the Fluidics Station 450 and scanned on the GeneChip Scanner 3000 (both from Affymetrix). Median call rates and signal detection percentages for all arrays were 88.72% and 94.30%, respectively.
Copy Number Analysis Using dChipSNP
The copy number analysis package within dChipSNP (www.biostat. harvard.edu/complab/dchip) (31) was 
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utilized to analyze SNP signal intensity values as previously described (32) . First, signal intensity values across each array were normalized using the invariant set normalization method. Raw copy number using the perfect match-mismatch difference model was obtained directly from dChipSNP using the normalized arrays. A Hidden Markov Model was used to infer the whole integer copy number (i.e., genome-smoothed) from the raw copy number values. dChipSNP analysis included experimental samples and pooled normal control (PNC) samples. Thirty-two PNCs were included in each sample group analyzed (group sizes ranged from 36-125 samples). The PNC consists of an equimolar pool of 100 healthy individual genomic DNAs prior to standard GeneChip processing. Because these PNC samples are a mixture of 100 individuals, they should exhibit an average copy number of 2 across the genome, thereby masking any of the common CNPs recently reported in the literature. We have found that the inclusion of PNC samples results in higher quality dChipSNP analysis. Product sizes were limited to <200 bp and included a single base pair GC clamp. Sequences are as follows, 5′-TGCTCTGGTTAGGGCTTCC-3′ and 5′-TCTGCTCAATTTTGCTGTGG-3′ directed against chromosome 9p21.3 to detect the CNP, 5′-TGAGCAAAAGGGACAAAAGC-3′ and 5′-GAGGTGTGAACATGCAC AGG-3′ directed against chromosome 11q12.2, and 5′-TGGATGTTTCCTTG TGATCG-3′ and 5′-ATTCCAGAAACC CCAAAACC-3′ directed against chromosome 17q12. Copy number was calculated using the 2 -ΔΔC T method (where C T is the cycle threshold) using both the 11q12.2 and 17q12 regions as the internal (two-copy) reference controls (33) .
Copy Number Analysis
RESULTS AND DISCUSSION
MDA Introduces Copy Number Polymorphism Artifacts
REPLI-g amplified samples (532) were analyzed using dChipSNP as detailed in the Materials and Methods section and visually inspected for CNPs (full data set not shown). This initial analysis clearly indicated that (i) MDA-processed genomic DNA applied to the 10K GeneChip yielded a wide array of CNPs upon analysis in dChipSNP and (ii) several regions across the genome were consistently represented as amplified or deleted. For illustrative purposes, Figure 1 shows the dChipSNP genome-smoothed chromosome screenshot of the top eight performing arrays with regard to overall SNP call rates (call rates >98.7%). The top performing arrays were chosen to minimize any variation due to performance of the GeneChip assay. The median number of CNPs identified per individual using this type of analysis approach was 438 CNPs. This is in stark contrast to the 1-2 total number 
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of CNPs recently found in healthy individuals in several publications.
Our cohort is one of the largest investigated to date for CNPs using microarray data, and these results suggest that the MDA procedure can introduce artifactual CNP changes in the resulting data. In a recent study conducted in our laboratory to detect CNPs in both healthy and diseased individuals, we were forced to exclude any individual with greater than three CNPs (as determined using identical analysis procedures as in this manuscript), as this indicates a sample with below average (i.e., low SNP call rate) microarray data (data not shown). If we applied that same exclusion criterion to the present study, we would have excluded 72% of the individuals from further analysis. For the 532 samples analyzed in this report, the median SNP call rate was 88.72%, clearly indicating that the samples were performing quite well for SNP genotype calling, but were failing the quality control metrics for use in CNP study. Figure 2 illustrates the relative genome-smoothed copy numbers across chromosome 9 for the top eight samples, including a PNC for reference. It is immediately clear from this figure that the MDA procedure is preferentially amplifying distinct regions of the chromosome across several samples (the 12 and 25 Mb region). Additionally, individual samples show alterations at other distinct regions (the 126 Mb region for sample F and the 36 Mb region for sample A). Shown in yellow is the common region that was investigated further using real-time PCR for validation of copy number. Figure 3 illustrates a further detailed view of the approximately 3 Mb region surrounding the real-time PCR region (yellow line).
The raw copy number value for each SNP within each sample is represented in the context of the PNC values. Table  1 reports the values obtained from the real-time PCR analysis of the specified region. Both the dChip raw and inferred (or genome-smoothed) values are >2, with the exception of the inferred value for sample C, while the average realtime PCR values are all >5, with 3 out of 8 samples yielding copy number values >10. Sample C showed a discrepancy between smoothed dChip and realtime PCR results; however this is most likely due to an inability of the Hidden Markov Model used by dChipSNP to detect the exact boundary region of each CNP. These values were calculated using the well known ΔΔC T methodology using two different regions with dChipSNP predicated copy number of 2 as the internal control regions (see the Materials and Methods section). These results indicate that our analysis methods probably underestimate the true copy number changes induced by MDA and 
are, if anything, a conservative measure of the effects of the WGA process on chromosomal copy number. The alterations in copy number reported here are likely solely due to the initial MDA treatment of the isolated genomic DNA. This is clear for two key reasons. First, since the majority of the identified CNPs in this study have not been reported in the Database of Genomic Variants (34), they are likely not true common CNPs. Secondly, overall SNP performance (i.e., frequency of genotype calling) cannot be to blame for the frequent identification of regions as CNPs, as the overall median call rate for the cohort was 88.72%. Therefore, the large number of CNPs identified in this study are apt to be due to the MDA treatment alone.
We strongly believe that CNPs should be considered an important part of the study of genetic diversity and disease. Recently, an article detailing that 100 common intermediate length deletion CNPs are in linkage disequilibrium (LD) with their surrounding SNPs illustrates the point that some CNPs probably arose during a single event in human history, like SNPs, and share similar evolutionary inheritance patterns (19) . Therefore, CNPs could conceivably be used as genetic markers in addition to representing a probably important component to genetic/phenotypic variation of complex traits and disease. The importance of preserving precious genomic DNA samples collected from the recruited cohort of patients for genetic study cannot be understated. The ultimate goal of any clinical genetic study should be to collect not only enough biological material in the proper way for immediate study, but also to create a bank of genetic material for future investigation as technology and the genetic understanding of disease advances. This is becoming apparent as our understanding of CNPs in relation to disease improves. Although our results herein were illustrated on the 10K GeneChip platform, it is expected that the current generation of higher density SNP microarrays (100K and 500K chipsets) would perform similarly on MDA-WGA treated samples. As these chipsets are expected only to increase in usage as whole genome association studies become more commonplace, the results discussed here have the possibility to create a bigger impact on the field.
Our findings may have further implications toward some designs of genome-wide SNP association (GWA) studies. GWA studies are of increasing prominence, since they allow a researcher to identify common variants that predispose one to disease. Arguably, GWA studies are the primary reason for development of ultra-high density SNP genotyping microarrays, such as the 500K GeneChip Mapping arrays (Affymetrix) and the 320K/550K HumanHap arrays (Illumina, San Diego, CA, USA). Due to the exorbitant costs of these studies, some groups are performing pooling-based GWA studies, whereby hundreds of individuals are added to pools in equimolar amounts under the assumption that each individual has contributed equal copy number (35) (36) (37) . Because the representative case-control DNA pools for this type of study must consist of equimolar contributions of DNA from each individual comprising the pools, this approach would also be sensitive to the MDA-WGA effects reported in this manuscript, and caution should be exercised by those researchers using pooled case-control study to ensure that no MDA-amplified samples are included in either pool. Consequentially, power is unknowingly lost and substantially uneven throughout the genome.
The results reported here contrast with those reported in 2004 by Paez et al. (10) . One of the aims of their study was to examine the effects of MDA treatment on cancer-associated copy number using the 10K GeneChip. They reported no significant alterations in copy number after MDA treatment. Our study differs in several key respects including sample size (n = 532 versus n = 16 for Paez et al.) and the type of disease under investigation. One of the hallmarks of cancer are alterations in chromosomal copy numbers, and it is possible that MDA treatment might exhibit a much smaller effect in that setting because several regions in the genome already have an elevated copy number, whereas in our cohort of primarily healthy individuals, any copy number alterations are rare, and therefore any artifact introduced by MDA might be greatly amplified.
Additionally, the majority of the conclusions by Paez et al. (10) were drawn by comparing non-MDA-treated versus MDA-treated DNA from the same sample. We agree that this is the ideal control when using MDA, however this type of comparison is typically not "real world," as the primary reason for using MDA is to amplify DNA from clinical samples that were collected previously and that the researcher has no way of recovering additional DNA.
It is foreseeable that the reanalysis of DNA samples, collected purely for microsatellite or SNP genotyping, will be undertaken with a renewed focus on CNP discovery. It is established that individual and genome-wide SNP genotyping and product-based resequencing approaches can succeed on MDA-treated DNA samples. However, MDAs affects on copy number analysis are well understood, and our results here stress the need to, when possible, reserve some of the original (i.e., non-MDA-treated) sample DNA in order to perform unbiased CNP analysis.
